UVB light promotes survival of initiated keratinocytes, in part, by the direct activation of the phosphatidylinositol 3-kinase (PI3K) signaling pathway. Novel chemopreventative agents targeting UVB-induced signaling pathways are needed to reduce the incidence of nonmelanoma skin cancer. Quercetin (Qu) is a dietary flavonoid and a known inhibitor of PI3K. We determined that Qu degrades rapidly when diluted in DMEM and incubated under normal cell culture conditions. Degradation was delayed by supplementing the medium with 1 mmol/L ascorbic acid (AA), and as expected, stabilization actually increased the effectiveness of Qu as a PI3K inhibitor because basal and UVB-induced Akt phosphorylation were reduced compared with Qu treatment in the absence of AA. Although AA stabilization increased Qu-induced apoptosis in mock-irradiated HaCaT cells, consistent with it acting as a PI3K inhibitor (13.4% Annexin V-positive cells for AA-stabilized Qu versus 6.3% for Qu), AA stabilization of Qu actually reduced the ability of the compound to induce apoptosis of UVB-irradiated HaCaTs (29.7% of Qu-treated cells versus 15.5% of AA + Qutreated cells). Similar trends were seen in the analysis of caspase-3 and poly(ADP-ribose) polymerase cleavage. Qu is known to oxidize to form reactive products, and we found that dihydroethidium is oxidized by Qu regardless of whether or not it was stabilized. Although redox cycling occurs even in the presence of AA, stabilization reduces the accumulation of reactive Qu products that contribute to the proapoptotic effect of the compound, and thus reduces the ability of the compound to induce apoptosis of UVB-irradiated HaCaT cells.
Nonmelanoma skin cancers, consisting of squamous cell carcinomas and basal cell carcinomas, are the most common of all types of cancer in the United States (1) . Squamous cell carcinomas occur primarily on the sun-exposed areas of the body, primarily the face, head, and arms, and there is a well-established link between chronic sun exposure and the development of squamous cell carcinoma (2) . UVB light, which composes 1% to 10% of the UV light that reaches the Earth's surface, is classified as a complete carcinogen and is known to activate several signal transduction pathways, including the phosphatidylinositol 3-kinase (PI3K) pathway. This pathway has been shown by our laboratory and others to be activated by UVB in cultured cells as well as in both mouse and human skin (3) (4) (5) (6) . In addition, several UVB-induced intracellular signaling cascades are involved in numerous cellular functions, such as growth and proliferation, differentiation, protein expression, and apoptosis, and are often deregulated during tumorigenesis (3, (7) (8) (9) (10) .
The PI3K signaling pathway represents an important target for the prevention of nonmelanoma skin cancer because it activates Akt and mediates a cell survival response to UVB. In sun-damaged skin, activation of PI3K by UVB increases the survival of initiated keratinocytes and facilitates the progression of precancerous actinic keratoses to squamous cell carcinomas. Our laboratory has also previously determined that PI3K mediates the UVB-induced expression of cyclooxygenase-2 and c-Fos and the activation of activator protein-1 in cultured human keratinocytes and in mouse skin, all of which have been implicated in the development of squamous cell carcinoma (3, 11, 12) .
Quercetin (Qu; 3,3′,4′,5,7-pentahydroxyflavone), a naturally produced flavonoid enriched in red wine as well as in numerous fruits, vegetables, and nuts, has well-established activity against intracellular targets known to mediate UVB signaling, including PI3K and mitogen-activated protein kinase/extracellular signal-regulated kinase kinase/extracellular signal-regulated kinase (13) (14) (15) . Qu and other flavanoid compounds have been reported to induce apoptosis as a result of PI3K inhibition and through other mechanisms including reactive oxygen species (ROS) generation (16) . However, the exact relationship between the formation of reactive species and Qu are still not fully understood. In fact, it has been reported that Qu degrades rapidly in aqueous medium, including DMEM (17) , and the generation of ROS or reactive Qu intermediates may contribute to the proapoptotic effect. Inclusion of 1 mmol/L ascorbic acid (AA) in the cell culture medium actually delays the degradation of Qu and serves to stabilize the compound over several hours. However, regardless of the mechanism, the chemopreventative potential of Qu, like other PI3K inhibitors, is commonly believed to lie in its ability to induce apoptosis of initiated keratinocytes and therefore reduce the possibility of progression of actinic keratoses to squamous cell carcinomas.
The goal of the current study was to evaluate the ability of Qu to induce apoptosis in UVB-irradiated HaCaT cells, a human keratinocyte line representing precancerous initiated cells, and to gain insight into its mechanism of action. We initially hypothesized that the primary proapoptotic mechanism was through the inhibition of UVB-induced PI3K and Akt activation. However, we determined that Qu stabilization with 1 mmol/L AA actually reduced the proapoptotic effect compared with Qu treatment in the absence of AA although efficacy for PI3K inhibition was increased by stabilization. In addition, by using dihydroethidium to measure the generation of reactive products, we found that stabilization of Qu does not prevent it from undergoing redox cycling because HaCaTs treated with Qu in AA-supplemented DMEM still displayed increased ethidium fluorescence. The data suggest that degradation of Qu results in the formation of a reactive product, which is partially responsible for the apoptotic effect. Although Qu is stabilized by AA, redox cycling still occurs. However, it is possible that reactive Qu intermediates do not significantly accumulate in the presence of AA, which therefore results in reduced apoptosis in response to AA-stabilized Qu. Overall, our study suggests that reactive products are partially responsible for the chemopreventative properties of Qu and that stabilization actually reduces the ability of Qu to eliminate initiated cells.
Materials and Methods

Materials
Quercetin dihydrate, ascorbic acid, and propidium iodide were purchased from Sigma-Aldrich. Caspase-3, poly(ADP-ribose) polymerase (PARP), and phospho-specific antibodies and total antibodies for Akt were from Cell Signaling Technology. Annexin V-Alexa Fluor 488 and dihydroethidium were obtained from Invitrogen/Molecular Probes. All other reagents were reagent grade and purchased from Sigma.
Cells
The human keratinocyte cell line HaCaT was established from cells that were obtained from adult sun-damaged skin (18) . HaCaT cells have two mutated p53 alleles caused by C→T and CC→TT mutations, which are known to be initiating mutations induced by exposure to UV light (19, 20) . HaCaT cells were cultured in DMEM with 10% fetal bovine serum and 100 units/mL penicillin/streptomycin at 37°C and in 5% CO 2 . The cells were cultured to 90% to 95% confluence and then maintained in serum-free DMEM for 24 h before UVB exposure.
Quercetin stability DMEM (10 mL), either not supplemented or supplemented with 1 mmol/L AA, was placed in a 100-mm tissue culture dish in the absence of cells and maintained under normal cell culture conditions (humidified incubator at 37°C and 5% CO 2 ). A 1,000× Qu stock solution was added to the dishes at a final concentration of 50 μmol/L. At the indicated time points, 100-μL aliquots were removed from the dish, diluted 1:1 with 1 mmol/L AA to prevent further degradation, and snap frozen in liquid nitrogen. Samples were then analyzed by high-performance liquid chromatography against a DMEM reference sample and normalized to time 0 to determine relative amounts of Qu remaining.
UVB irradiation of HaCaT cells
HaCaT cells maintained in serum-free DMEM for 24 h were pretreated with Qu and/or ascorbate for 1 h before UVB irradiation. After incubation, HaCaTs were washed once in PBS, which was then removed. Cells were irradiated with a dose of 250 J/m 2 using a bank of two SF20 UVB lamps (National Biological Corp.) providing a peak emission of 313 nm. Control cells were treated in the same manner and mock irradiated. Following irradiation, HaCaT cells were again washed with PBS and returned to DMEM containing appropriate drug treatments.
Western blotting
Cells were lysed in radioimmunoprecipitation assay buffer containing 50 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 3 mmol/L β-glycerophosphate, 1 mmol/L NaVO 4 , 10 mmol/L NaF, and 1 mmol/L phenylmethylsulfonyl fluoride. Protein concentration was determined using Bio-Rad detergent-compatible protein assay reagent (Bio-Rad Laboratories). For Western blot analysis, 40-μg protein was resolved by SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. Membranes were blocked in TBS containing 0.1% Tween 20 and either 5% nonfat dry milk or 5% bovine serum albumin (for phospho-specific antibodies). After washing in TBS-0.1% Tween 20, membranes were incubated with appropriate horseradish peroxidase-conjugated secondary antibodies and then washed extensively in TBS-0.1% Tween 20. Antigen-antibody complexes were detected with Amersham enhanced chemiluminescence detection reagent (GE Healthcare). Fig. 1 . Ascorbic acid stabilizes Qu in DMEM under cell culture conditions. Qu (50 μmol/L) was added to 10-mL DMEM, which either contained or did not contain 1 mmol/L AA, and maintained at 37°C with 5% CO 2 in a humidified incubator. Aliquots were collected at the indicated time points and subjected to high-performance liquid chromatography analysis to determine the remaining amount of Qu relative to time 0. Dashed line, the approximate times at which 50% of the Qu measured at time 0 had been degraded. AA stabilized Qu for several hours before any degradation had begun and also slowed the rate at which Qu degraded. Representative of two independent experiments.
Measurement of quercetin-induced oxidation
Following irradiation with 250 J/m 2 UVB, cells were incubated in the presence of 10 μmol/L dihydroethidium for 1 h. Cells treated with Qu were treated for 1 h before irradiation and 1 h after UVB during the dihydroethidium loading period. At the end of the treatment, cells were washed once with PBS and trypsinized from tissue culture plates. Cells were then pelleted and resuspended in PBS containing 0.5 mol/L EDTA, at which point samples were analyzed by flow cytometry for ethidium fluorescence using a total of 10,000 events per treatment. One-color flow cyotmetric analysis was done using a FACScan flow cytometer (BD Biosciences) equipped with an air-cooled 15-mW argon ion laser tuned to 488 nm. List mode data files were acquired and analyzed using CellQuest PRO software (BD Biosciences). Qu-treated cells that were not loaded with dihydroethidium did not display any background fluorescence compared with untreated cells.
Annexin V/propidium iodide labeling of cells
After incubation for 12 h after UVB irradiation, DMEM containing floating cells was collected. Cells were then washed once with PBS and detached using trypsin supplemented with EDTA. Once detached, trypsin was inactivated with DMEM containing 10% fetal bovine serum. The cells were then pooled with the floaters, at which point the entire sample was pelleted by centrifugation and DMEM was removed. The pellet was resuspended in Annexin binding buffer [containing 10 mmol/L HEPES (pH 7.4), 140 mmol/L NaCl, and 2.5 mmol/L CaCl 2 ] at a concentration of 10 6 cells/mL and then transferred to 1.5-mL microcentrifuge tubes. Cells were incubated for 30 min with Annexin V-Alexa Fluor 488 and propidium iodide according to the manufacturer's instructions. Cells were then diluted up to a total volume of 0.5 mL in Annexin binding buffer and analyzed by two-color flow cytometry using a total of 10,000 events. The emission fluorescence of the Annexin V conjugate was detected and recorded through a 530/30 bandpass filter in the FL1 detector. Propidium iodide was detected in the FL2 detector through a 585/42 bandpass filter. List mode data files gated on forward scatter versus side scatter were acquired and analyzed using CellQuest PRO software. Appropriate electronic compensation was adjusted by acquiring cell populations stained with each dye or fluorophore individually, as well as an unstained control. Apoptotic cells were only those which stained positive for Annexin V and negative for propidium iodide, located in the bottom right quadrant.
Results
Stabilization of quercetin in DMEM by inclusion of ascorbic acid increases Its efficacy for PI3K inhibition
We were first interested in determining how long Qu remains intact when dissolved in aqueous medium and when incubated under our exact cell culture conditions because this may affect its efficacy as a PI3K inhibitor. Qu is known to undergo oxidation in DMEM and other cell culture medium to form an ortho-semiquinone and an ortho-quinone (21, 22) . We determined that Qu degrades rapidly in DMEM, with 50% of the compound being lost before 30 minutes of incubation and almost complete loss by 4 hours (Fig. 1) . Qu could be stabilized in DMEM by supplementing the medium with 1 mmol/L AA. AA supplementation led to nearly 100% Qu stabilization for 4 hours, followed by a 10% to 15% per hour decrease in Qu until the 12-hour time point at which ∼95% of the compound had been degraded. 2 UVB. After irradiation, cells were placed back in DMEM containing appropriate treatments for 1 h before harvesting proteins. UVB increased phospho-Akt levels as expected, and Qu significantly decreased phospho-Akt in both irradiated and mock-irradiated cells, indicating that this compound is effectively inhibiting PI3K activity. AA slightly reduced phospho-Akt levels but had no effect on UVB induction of Akt phosphorylation. Qu inhibition of Akt phosphorylation was significantly increased when HaCaTs were treated in the presence of AA because basal levels were reduced compared with Qu alone and there was no increase in phospho-Akt levels with UVB irradiation. Representative of three independent experiments. Fig. 3 . Qu acts as an oxidant by generating reactive species. HaCaT cells were treated with 50 μmol/L Qu in the presence or absence of 1 μmol/L AA for 1 h before UVB irradiation. After exposure to UVB, cells were placed back in DMEM containing appropriate treatments for 1 h. During this time, 10 μmol/L dihydroethidium (DHE) was added to the medium to measure the generation of reactive species. Generation of ROS was then determined by flow cytometry (A-D). Treatment with Qu caused significant oxidation of dihydroethidium in both mock-irradiated and UVB-irradiated cells regardless of the presence of AA. E, the data were pooled from five independent experiments each measuring a total of 10,000 events. Columns, mean; bars, SD. Statistical significance was set at P < 0.05 using one-tailed t test: *, versus DMSO-UVB; † , versus DMSO + UVB; # , versus AA-UVB; ‡ , versus AA + UVB. No statistical significance was found between any Qu-treated condition regardless of the presence of AA.
We were next interested in determining what effect stabilizing Qu had on PI3K inhibition. Figure 2 indicates that Qu alone, without AA stabilization, significantly inhibited Akt phosphorylation in both mock-irradiated and UVB-irradiated HaCaTs, consistent with the compound acting as a PI3K inhibitor. As expected, stabilization of Qu with AA increased the efficacy of Qu as a PI3K inhibitor, indicated by a further reduction in phospho-Akt levels in both mock-irradiated and irradiated HaCaTs compared with Qu treatment alone.
Quercetin forms reactive products in cell culture medium Qu is known to undergo oxidation and form radical Qu intermediates in aqueous medium. In addition, Qu has been proposed to generate ROS. We tested the oxidative potential of Qu by loading HaCaTs with dihydroethidium, a compound that fluoresces when oxidized, and then treating with Qu. We found that Qu treatment increased ethidium fluorescence significantly over control. The dose of UVB used in these experiments was not sufficient to induce dihydroethidium oxidation alone (Fig. 3) . Qu treatment increased dihydroethidium oxidation in both irradiated and mock-irradiated HaCaTs, and the difference between the two groups was not statistically significant ( Fig. 3A and B) . Interestingly, when the assay was done using DMEM supplemented with AA, Qu treatment still oxidized dihydroethidium significantly in both UVB-irradiated and mock-irradiated HaCaTs compared with the respective controls ( Fig. 3C and D) . In addition, we found no significant reduction in the oxidative potential of Qu because there was no statistical difference between Qu treatment in DMEM compared with Qu treatment in AA-supplemented DMEM.
Stabilization of quercetin reduces its ability to induce apoptosis of UVB-irradiated HaCaTs
The enhanced PI3K inhibition that occurs when Qu is stabilized by AA suggests that the apoptotic response of UVB-irradiated HaCaT cells to Qu + AA would be greater than the response to Qu alone. However, we determined that Qu treatment in the absence of AA actually had a greater effect on UVB-induced apoptosis. To quantitate the apoptotic response of HaCaT cells to Qu, Annexin V staining was done to identify changes in the apoptotic cell population. The mean percentage of Annexin V-positive/propidium iodide-negative cells in untreated HaCaTs was 1.9 ± 0.9% (Fig. 4A and  I) , and this population increased significantly to 10.9 ± 0.4% of UVB-irradiated HaCaTs (Fig. 4B) . Qu treatment also significantly increased the Annexin V-positive cell population to 6.3 ± 3.1% (Fig. 4C) . We again determined that Qu potentiated the UVB effect because irradiated cells treated with Qu displayed the greatest percentage of apoptotic cells, 29.7 ± 7.3% (Fig. 4D) . 
Stabilization Reduces Quercetin-Induced Apoptosis
Caspase-3 and PARP cleavage were both increased in a manner similar to Annexin V staining. Again, both UVB irradiation and Qu treatment alone induced cleavage of caspase-3 and PARP (Fig. 5) . Cleavage of caspase-3 and PARP were both increased in cells treated with Qu in combination with UVB irradiation. Interestingly, when Qu was stabilized with AA and the efficacy for PI3K inhibition increased (Fig. 2) , the enhancement of UVB-induced apoptosis was lost. The increase in the percentage of Annexin V-positive cells caused by AA compared with DMSO-treated controls (both mock irradiated and UVB irradiated) was not statistically significant (Fig. 4E and F) , and there was no apparent effect of AA on the cleavage of either caspase-3 or PARP. The slight reduction in Akt phosphorylation caused by AA treatment alone (Fig. 2) therefore did not have a significant effect on apoptosis of HaCaT keratinocytes. However, inclusion of 1 mmol/L AA in DMEM during Qu treatment resulted in a significant reduction in the ability of Qu to enhance UVB-induced apoptosis. The Annexin V-positive cell population was reduced from 29.7% to 15.5% (Fig. 4H) , and we observed a similar effect on caspase-3 and PARP, where AA reduced the degree of cleavage in Qu-and UVB-treated HaCaTs compared with Qu and UVB in the absence of AA (Fig. 5) .
Discussion
Quercetin is an abundantly available dietary compound present in a wide variety of foods, with well-established pharmacologic activity on intracellular signaling pathways involved in the development of cancers. We were initially interested in this compound due to its ability to inhibit PI3K activation because our laboratory and others have established PI3K as an important signaling protein involved in UVB-induced signaling (3) (4) (5) (6) . Activation of PI3K by UVB has been linked to the development and progression of nonmelanoma skin cancer, and compounds with inhibitory activity against PI3K are viewed as potential chemopreventative agents.
In the current study, we investigated the chemopreventative potential of Qu by analyzing its ability to induce apoptosis of HaCaT cells, an initiated human keratinocyte cell line. We showed that there is a significant increase in the apoptotic cell population after irradiation with 250 J/m 2 UVB (10.9%). Treatment of the cells with Qu was also sufficient to induce apoptosis to a small but significant degree (6.3%). Interestingly, the combination of UVB irradiation and Qu treatment resulted in a potentiated apoptotic response, with nearly 30% of the cells found to be in the early phase of apoptosis. Qu is a well-established inhibitor of PI3K, and we showed its ability to inhibit PI3K in both irradiated and mock-irradiated HaCaT cells by showing reduced Akt phosphorylation under either condition. PI3K and Akt are activated in response to UVB irradiation, indicating that this pathway represents an important survival response to limit the amount of apoptotic cell death after UVB. Clearly, because Qu inhibits PI3K and Akt activation, and the apoptotic response to UVB is greatly increased, this represents an important mechanism by which Qu induces cell death.
Further investigation led us to conclude that the PI3K/Akt signaling pathway only partially explains the mechanism behind Qu-induced cell death. Dihal et al. (17) reported that Qu is unstable in aqueous cell culture medium supplemented with 10% FCS. We investigated this phenomenon in DMEM under serum-free conditions and found a similar effect but with a much faster rate of degradation. We found that 50% of Qu degraded in DMEM before 30 minutes of incubation. We also confirmed that Qu could be stabilized by supplementing DMEM with 1 mmol/L AA, and we found that Qu was nearly 100% stabilized for a period of 4 hours before any significant reduction of intact Qu was seen. We were interested in how stabilization of Qu would affect its proapoptotic properties. Our first finding was that stabilization of Qu increased its efficacy of PI3K inhibition resulting in reduced basal levels of p-Akt compared with Qu treatment in the absence of AA. In addition, AA-stabilized Qu had a greater inhibitory effect on UVB-induced Akt phosphorylation, whereas activation was only partially blocked by Qu treatment in the absence of AA, suggesting that stabilized Qu would be more effective at inducing apoptosis. However, we determined that stabilizing Qu completely prevented any further increase in apoptosis by UVB. Qu treatment of UVB-irradiated HaCaT cells increased the apoptotic cell population by 172% compared with UVB alone. When cells were incubated in AA-supplemented DMEM, Qu treatment of irradiated HaCaTs resulted only in a 45% increase in the number of apoptotic cells, and this increase was not statistically significant.
The relationship between Qu and ROS is not fully understood. For example, investigators working with glioma cells have reported that ROS is not involved in Qu-induced apoptosis (23) , or that Qu acts as an antioxidant because it inhibits ROS-induced apoptosis (24) . Still other investigators have found both prooxidant and antioxidant effects of Qu depending on the concentrations used for experimentation (25) . The findings from these studies indicate that there are likely cell type-specific effects of Qu and that there are effects of Qu that are dependent on the experimental design. Based on 2 UVB. Cleavage of caspase-3 (A) and PARP (B) were induced by both UVB irradiation and Qu treatment alone. UVB irradiation followed by Qu treatment resulted in an increase in caspase-3 cleavage compared with either UVB or Qu alone. AA had no effect alone on caspase-3 or PARP cleavage; however, stabilization of Qu with AA resulted in a significant reduction in the cleavage of both proteins compared with Qu alone. Representative of three independent experiments. the published data and our findings on Qu-induced apoptosis, we hypothesized that Qu in the absence of AA generated more reactive species than AA-stabilized Qu. We tested this by analyzing dihydroethidium fluorescence in response to both treatments. However, we determined that Qu was capable of inducing dihydroethidium fluorescence regardless of whether or not it was stabilized, and although it seemed that there was reduced reactive species generation in the AA-stabilized conditions, this reduction was not significantly different from Qu alone. Qu has been determined to form reactive intermediate species, including an ortho-semiquinone radical and an ortho-quinone, which can cycle back to Qu using intracellular glutathione (22) . In addition, Boots et al. (21) reported that Qu oxidized by tyrosinase could be converted from an ortho-quinone back to Qu by AA, resulting in sustained levels of Qu composed of a fraction that did not undergo tyrosinase-induced oxidation and a fraction that was regenerated after oxidation. Our data also indicate that redox cycling still occurs in the presence of AA, but because Qu levels remain stable for several hours, the reactive products that mediate part of the proapoptotic effect do not accumulate (Fig. 6) . The current study therefore suggests that there is a combined effect of reactive Qu products and UVB that does not occur when Qu is stabilized, resulting in a reduced apoptotic response to Qu in the presence of AA. Ultimately, the maximum chemopreventative potential of Qu might lie both in the pharmacologic inhibition of PI3K and in its ability to form reactive products. Both of these mechanisms seem to be critical in promoting apoptosis and could therefore contribute to the removal of initiated keratinocytes from the epidermis and limit the development of squamous cell carcinoma.
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